[1] Isotopically light (À1% to À8% d
Introduction
[2] Paleohydrologic reconstructions of North America's Laurentide ice sheet suggest that high recharge rates, up to 10 times modern values, occurred when wet-based ice sheets overran the North American craton and continental shelf [Person et al., 2003 [Person et al., , 2007 . Between 15% and 70% of basal meltwater from the Laurentide ice sheet may have infiltrated the Canadian Shield and sedimentary basins of North America [Lemieux et al., 2008] . This has important implications for understanding ice sheet dynamics [Flowers et al., 2005; Le Brocq et al., 2009] , assessing long-term (10 6 years) safety of high-level nuclear waste repositories in Canada and northern Europe [Talbot, 1999] , understanding continental-scale hydrologic budgets of modern ice sheets, such as Greenland [Makahnouk et al., 2009] , and understanding submarine groundwater effects on biogeochemical cycles [McIntosh et al., 2002] .
[3] Sediment pore fluids collected offshore southeastern (SE) Greenland at Ocean Drilling Program (ODP) Leg 152 Sites 914-916 and 918 suggest that subglacial meltwater has infiltrated into continental shelf sediments. It is unclear whether or not this same infiltration is occurring today via deep aquifer systems. These ODP sites were drilled between 40 and 100 km offshore SE Greenland (Figures 1a and 1c) . The pore fluids found at these sites have chloride concentrations and oxygen isotope compositions that indicate mixing between seawater (0% d 18 O, 535 mM Cl À ) and isotopically depleted subglacial meltwaters (À40% d
18 O, 0 mM Cl À ; circles in Figure 1b) to depths of at least 260 m [Gieskes et al., 1998; Makahnouk, 2009] . Sites 914-916 are located in the continental shelf sediments, and Site 918 is in the near-ocean basin. The presence of fresh and isotopically light pore fluids in continental shelf sediments recovered from SE Greenland raises several questions: How might subglacial meltwater have penetrated so far offshore? What role has expansion and contraction of the Greenland ice sheet played in subglacial and continental shelf hydrogeology? Were the pore fluids emplaced by downward infiltration through continental shelf sediments and tills during the Last Glacial Maximum (LGM) or by upward discharge through deep underlying basalt aquifers?
[4] Geophysical data and discoveries of glacial deposits on the continental shelf indicate that Greenland's ice sheet extended to the shelf-slope break during the LGM [Larsen et al., 1998 ]. This would have provided direct access of meltwater to the continental shelf-slope sediment pores via vertical downward infiltration, possibly contributing to freshening of the sediment pore fluids observed in the ODP wells [Cohen et al., 2009] . Presently, the Greenland ice sheet creates a hydraulic head gradient between the coast and the continent of about 0.014, assuming hydraulic head that is 90% of the ice sheet thickness [Parizek and Alley, 2004] (Figure  1c ). If the ice sheet was removed and the topography of SE Greenland remained, the gradient would decrease by a factor of 3, to 0.0056 [Larsen et al., 1998 ]. Near the edge of the ice sheet, groundwater discharges upward, potentially transporting glacial meltwater upward. The ice sheet-induced hydraulic head gradient may also direct infiltrating meltwater into deep aquifer units, which could migrate offshore ( Figure 1c ). Groundwater flow from beneath Greenland's present-day ice sheet to the ocean must traverse a thick sequence of Proterozoic metamorphic rocks, seaward dipping igneous rocks, and continental shelf sediments [Larsen et al., 1998] (Figure 1c) . A portion of subglacial-derived meltwater also likely discharges just beyond the toe of the ice sheet, contributing base flow to surface water bodies such as taliks. While the role of ice sheet loading on subsurface flow has recently been considered on Iceland and Antarctica [Flowers et al., 2005; Le Brocq et al., 2009] , this is the first study to address hydrogeologic connections between continental and marine realms associated with the Greenland ice sheet.
[5] This study investigates connections between subglacial infiltration, groundwater discharge, and pore fluid chemistry on SE Greenland's continental shelf. One of the main goals of this study is to gain knowledge about the role [Larsen et al., 1998 ] with bathymetry. (b) Scattergram plot of minimum pore water d
18 O and Cl À composition for different ODP test wells. Green squares are simulation results from the cross-sectional paleohydrologic model, and blue circle are observations from ODP Leg 152 wells [Gieskes et al., 1998 ]. The red dashed line is the mixing line between seawater and Greenland glacial meltwater. (c) Hydrostratigraphic representation of SE Greenland used in paleohydrogeologic model reconstruction. The location of the x section is shown in Figure 1a . The vertical red lines near sediment-water interface are approximate locations of ODP test well sites. Blue arrows denote inferred groundwater flow directions. A thin (125 m) till layer, although present in the model, is not shown in Figure 1c .
of groundwater in the continental-scale hydrologic budget of SE Greenland, past and present. This study also attempts to address whether or not modern groundwater flow patterns could be responsible for pore fluid chemistry at ODP wells. Finally, we wish to determine whether or not submarine groundwater discharge (SMGD) contributes to sea level rise because of ice sheet melting and whether the SMGD could have a role in biogeochemical processes on the continental shelf, both in the past and present. To address these issues, we developed a continental-scale, two-dimensional, paleohydrologic model. Using this model, we conducted a sensitivity study to reconstruct infiltration and discharge fluxes and pore water chemistry on SE Greenland.
[6] We review the initial conditions and boundary conditions we used in our modeling exercise. Appendix A contains a summary of the mathematical model assumptions and transport equations used. We varied till and bedrock aquifer permeability because of the paucity of permeability data for Greenland to estimate a reasonable range of hydraulic parameters. As part of the sensitivity study, we also varied the salinity and isotropic composition along the top boundary at the base of the ice sheet on the continental shelf to account for the influence of mixing between marine and meltwater fluid sources. [7] The presence of the Greenland ice sheet makes accurate characterization of Greenland's geology and hydrogeologic setting difficult. Core and geophysical data provide some information about SE Greenland geologic units [Hopper et al., 2003; Larsen et al., 1998 ]. SE Greenland's continental crust is dominantly composed of Precambrian metamorphic rocks, which are covered by Cretaceous seaward dipping subaerial basalts [Larsen et al., 1998 ]. SE Greenland's continental shelf contains late Neogene and Quaternary sediments, glaciomarine deposits, megaclinoforms, and a layer of glacial tills. Turbidite deposits and upper Miocene-Pliocene marine sediments are present under the continental shelf sediments and extend into the ocean basin. Cretaceous submarine basalts are adjacent to the subaerial basalts [Larsen et al., 1998] (Figure 1c ). Submarine basalts are basalts formed underwater, such as along mid-ocean ridges. Subaerial basalts are basalts that solidify under the air, likely originating from lava flows.
Study Site
[8] Ice sheet models predict that the Greenland ice sheet thickness varied from 0 m ($140-114 ka; Eemian Interglacial) to 3000 m ($20 ka) near the center of the continent [Cuffey and Marshall, 2000; Parizek and Alley, 2004] (Figure 1c) . The ice sheet likely extended onto the continental shelf slope at $20 ka (Last Glacial Maximum). Note that the term ''glacial maximums'' represents periods at which the ice sheet was large and near its largest and the term ''interglacials'' represents a period in which the ice sheet was small and/or not present.
Methods
[9] In order to characterize Greenland's present-day hydrology and paleohydrology, we sequentially solved twodimensional, transient, variable density groundwater flow, heat, and solute transport equations using the finite element method. The advective-dispersive solute and isotope (d 18 O) transport was solved using a Lagrangian-based modified method of characteristics. Our numerical methods are described in detail in Appendix A. Table 1 contains the parameters we used.
Model Domain
[10] Our cross-sectional hydrogeological model extends from the continental interior of SE Greenland to about 600 km to the east (about 400 km east of the modern shoreline) and to a depth of about 5.5 km under the continental shelf ( Figure 1c ). We used three node triangular elements and a linear approximation function in our finite element model. The mesh had 14,160 elements and 7259 nodes. We refined the top 1300 m of the mesh using a 50 m vertical spacing between nodes. All simulations were run for 1.05 Myr ($10 glacial cycles), with a time step size of 10 years.
Head Boundary Conditions
[11] The sides and bottom of the model domain were prescribed no-flow boundaries for groundwater flow. Hydraulic head at the top boundary was fixed. In areas overrun by the ice sheet, we increased hydraulic head by adding 90% of the approximated ice sheet thickness to the rock surface elevation. This assumes Greenland's ice sheet has sufficient basal and surface meltwater generation rates to keep fluid pressures at or near floating conditions. The validation of this assumption is supported by pore pressure reconstruction from under consolidated tills [Hooyer and Iverson, 2002] , as well as fluid pressure measurements beneath modern ice sheets [Engelhardt and Kamb, 1997] . As discussed in section 3.6, this condition is modified where permafrost is present. Subaerial nodes not covered by the ice sheet were given heads equal to the land surface elevation, and nodes below sea level were given heads equal to sea level elevation corrected for seawater density.
[12] We approximated the ice sheet thickness (x) using a polynomial similar to the one presented by Vialov [1958] ,
where H t is the thickness of the ice sheet at the summit, L t is the extent of the ice sheet from its center, and x is the distance from the summit (center) of the ice sheet. Waxing and waning of the ice sheet throughout the ten 100 kyr glacial cycles was simulated by having the ice sheet height rise to 3 km and extend to the continental shelf-slope break over 75 kyr and then retreat over 25 kyr. This trend varied from 22 ka to the present in order that the ice sheet matched the present ice sheet size today ( Figure 2a) . We did not model the ice sheet dynamics. Instead, we imposed a timedependent load on the model domain and top boundary that increased the head where the load was present.
Thermal Boundary Conditions and Initial Conditions
[13] For heat transfer, we imposed an insulated side boundary condition and an initial depth-dependent temperature profile of 30 C km
À1
. At the base of the model we imposed a basal heat flux of 0.06 W m
À2
, which is typical for the continental crust. At the top boundary a temperature of 4 C was specified for all surface nodes below sea level (Figures 2b and 2c) . Subaerial surfaces were set to estimated air temperature on the basis of ice core records [Imbrie et al., 1984; Johnsen et al., 1995] . We incorporated paleotemperature and sea level data determined from ocean d
18 O sediment records and from Greenland Ice Core Project (GRIP) ice core records [Johnsen et al., 1995; Imbrie et al., 1984] in order to reconstruct paleoclimatic data. The sediment data sets show that temperature varied by 10 C and sea level varied by $110 m between glacial maximums and glacial minimums. We shifted the paleotemperatures to match Greenland ice sheet summit temperatures Johnsen et al., 1995] (Figure 2a) . We then used a lapse rate of À0.007 C m À1 [Hanna et al., 2005] to determine the air temperature with decreasing elevation (Figures  2b and 2c) .
Ice Sheet Heat Basal Temperature
[14] The presence of permafrost can cause large reductions in permeability [McKenzie et al., 2007] . Thus, approximating temperatures under the ice sheet was important for our hydrologic model. Temperatures within and at the base of ice sheets are controlled by both conduction and advection. When the ice sheet was present, we used a onedimensional analytical solution for advective-conductive transport to calculate the basal temperature of the ice sheet and then applied this temperature to the surface nodes under the ice sheet in our model (Figures 2b and 2c) . The analytical solution used is described in detail in Appendix B. Assumed changes in atmospheric temperature, sea level, and ice sheet extent during the last 100 kyr for SE Greenland. Atmospheric temperature along with a lapse rate was used to calculate the temperature along the top of the ice sheet and land surface. Below sea level, we specified a freshwater head equal to sea level elevation, accounting for the added weight of seawater. Ice sheet extent, location of permafrost, and sub-sea level position at (b) 10 ka and (c) present day. Boundary nodes underneath the ice sheet were assigned heads equal to the node elevation plus 90% of the ice sheet thickness. Except for the last 22 kyr, the ice sheet decreased from its maximum size (270 km long and 3 km tall) to its minimum size (0 km long and 0 km tall) over 25 kyr. For land surface nodes beneath the ice sheet, the imposed temperature was calculated using a one-dimensional advective-conductive analytical solution. Ice-free areas along the top boundary were set to the atmospheric temperature. Boundary nodes below sea level were assigned a temperature of 4 C. When the land surface temperature was less than the pressure melting temperature, we accounted for the presence of permafrost by decreasing the permeability of land surface elements by 2 orders of magnitude.
Salinity and
The top boundary conditions for solute transport equations were a constant concentration of 0.0 mass fraction for surface nodes above sea level and beneath the ice sheet and 0.035 mass fraction for surface nodes below sea level. The concentration of d
18 O at the top boundary nodes was set to 0% when below sea level, À40% when below the ice sheet, and À10% when subaerial. We ran simulations with the top boundary conditions on the continental shelf assuming a mixture of seawater and glacial meltwater. We considered two scenarios for specifying the upper isotopic and salinity boundary conditions beneath Greenland's ice sheet on the continental shelf : (1) À40% d
18 O and 0 mass fraction salinity (100% meltwater) and (2) À3% d
18 O and 0.0315 mass fraction salinity (93% seawater and 7% meltwater) ( Figure 1c ). As shown in section 4.1, a close match between modeled and observed salinity and oxygen isotope results could not be achieved without mixing of seawater and meltwater at the base of the ice sheet.
Permeability and Permafrost Effects
[16] The permeabilities for the different lithologic units we used in our model are presented in Table 2 . The permeability of Greenland's crustal rocks is not well known. Hydrothermal modeling suggests that the metamorphic crustal rocks are hydrologically tight [Norton and Taylor, 1979] . Other studies, however, suggest that permeability of crystalline rock is high toward the surface ($10 À13 m 2 ) and then decreases with depth [Ingebritsen and Manning, 1999] . Overlying the outer edge of the continent are late Neogene subaerial and submarine basalts [Hopper et al., 2003] . Similar subaerial basalts in Hawaii have horizontal permeability that range from 10 À14 and 10 À11 m 2 [Gingerich, 1999] and are 10-1000 times greater than vertical permeabilities [Souza and Voss, 1987] . Submarine basalt has an in situ permeability that typically ranges from 10 À18 to 10 À10 m 2 [Fisher, 1998; Fisher et al., 2008] . Sedimentary deposits covering the basalts on the continental shelf could have permeabilities that range from 10 À13 to 10 À16 m 2 for sandy sediments and from 10 À14 to 10 À18 m 2 for finegrained sediments [Spinelli et al., 2004] . Tills generally have low permeabilities, typically less than 10 À16 m 2 [Gerber and Howard, 2000; Keller et al., 1989] , though fractures and heterogeneities within tills can increase till permeability upward of 10 À12 m 2 [Gerber and Howard, 2000] . Permafrost can decrease permeability by orders of magnitude [McKenzie et al., 2007] .
[17] Permeability was decreased by a factor of 100 if the temperature of an element was below the pressure melting temperature in order to represent permafrost [McKenzie et al., 2007] (Figures 2b and 2c ). The parameters that were held constant for all units and all simulations, which we did not attempt to optimize, included longitudinal dispersivity (1000 m), transverse dispersivity (100 m), and solute diffusivity (3.5 Â 10 À10 m 2 s À1 ). During the first glacial cycle we deposited a low-permeability till on the continental shelf, which remained throughout the model simulation.
The till was about 100 m thick. [18] We conducted a sensitivity study varying the permeability of the tills and subaerial basalts as well as changing the continental shelf meltwater composition along the top boundary. We compared model results to pore fluid chemistry at ODP Leg 152 Sites 914-916 and 918. As part of the sensitivity study we calculated subglacial infiltration, SMGD, and subaerial discharge rates.
Sensitivity Study
[19] First, we investigated the effects of subaerial basalt and till permeability on simulated pore fluid chemistry at the ODP Leg 152 sites. We ran simulations with the permeability of the subaerial basalt varying between 10 À15 and 10
, with the continental shelf ice boundary condition at 100% meltwater. We then ran a series of simulations in which we varied the till permeability between 10 À19 and 10 À17 m 2 , also with the continental shelf ice boundary condition at 100% meltwater. We repeated the simulations with varying subaerial basalt permeability, except the boundary condition on the continental shelf was changed to 0.0315 mass fraction salinity and À3% d
18 O (93% seawater and 7% meltwater) when the ice sheet was over the shelf. Units whose permeability were not varied in a given sensitivity study were given permeabilities in Table 2 . We varied the permeabilities of Precambrian metamorphic rock, submarine basalt, upper Miocene-Pleistocene sediments, and turbidities and found that they did not have a large effect on calculated salinity and d
18 O composition when they were varied within their range of uncertainty. In total, our sensitivity study included five permeability scenarios and two boundary condition scenarios (Table 3 ). The scenarios are designated with SN and a number. We then chose a best fit scenario (BFS) to do a more in depth analysis of the past and present glacially influenced hydrogeology of SE Greenland.
Results
[20] Here we present the results of our sensitivity study and a more in depth analysis of our BFS. All simulations ran for 1.05 Myr ($10 glacial cycles). Our primary means of comparison between scenarios were plots of computed 
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versus observed salinity-depth data from the ODP wells (Figure 3 ).
Sensitivity Study 4.1.1. Subaerial Basalt Permeability
[21] Subaerial basalt horizontal permeability (K x ) was varied between 10 À14 and 10 À12 m 2 (SN1-SN3; Table 3 ). In all simulations, the subaerial basalt had an anisotropy (K x /K z ) of 10. Calculated modern pore fluid chemistry for IODP wells had a tendency to be highly freshened by ice sheet loading (Figure 3a) . Ice sheet loading caused meltwater to move both down (from beneath the ice sheet) and laterally (from the subaerial basalt) into the continental shelf sediments. With continental shelf ice boundary conditions at 100% meltwater, decreasing subaerial basalt permeability retarded meltwater infiltration into continental shelf units ( Figure 3a ) and produced simulated pore fluid chemistry closer to, though not consistent with, observed data.
[22] For all subaerial basalt permeability scenarios (SN1-SN3 and SN6-SN8), simulated pore fluid chemistry for Site 916 was more consistent with observed data than simulated data at Sites 914-915. As mentioned, glacial loading caused infiltrating water to enter the continental shelf sediment both laterally and downward vertically. ) till deposited on top of continental shelf sediments retarded vertical infiltration of seawater. However, outcropping subaerial basalt provided a path for infiltrating seawater to alter previously freshened pore chemistry in adjacent continental shelf sediments. In our model, Site 916 is right at the boundary between continental shelf sediments and subaerial basalt (Figure 1c) , and thus its simulated pore chemistry is more affected by infiltrating seawater. The height of the sea level column, inducing seawater infiltration, was not high enough to focus seawater downward through the till to alter simulated pore chemistry at Sites 914 and 915. Best fit simulated pore chemistry at Site 918 indicates that subaerial basalt permeability is about 10 À14 m 2 .
Till Permeability
[23] Varying till permeability (10
À13
-10 À19 m 2 ) indicates that lower till permeability decreased the ability for seawater to enter continental shelf sediments via the seafloor and reduce meltwater induced freshening of continental shelf pore fluids (Figure 3b ). Subaerial basalt permeability was 10 À13 m 2 during these simulations. Over the continental shelf, simulated ice sheet-induced heads during glacial maximums are greater than simulated seawater-induced heads during sea level highstands (glacial minimums). Ice sheet loading allowed for more infiltration of fresh meltwater than the heads associated with sea level allowed for infiltration of seawater. Depending on till permeability, infiltrating meltwater is either coming down through the till or is moving laterally under till from the subaerial basalt. Observation of simulated data (not shown) indicates infiltrating meltwater moves into the continental shelf sediments dominantly laterally from the subaerial basalt when till permeabilities are low and dominantly down from the overlying ice sheet when till permeabilities are high. Varying till permeability (within observed ranges) while keeping the continental shelf ice boundary condition at 100% meltwater does little to bring simulated pore fluids at Leg 152 Sites 914-916 closer to observed values (Figure 3b) (Figure 3c ). We ran the same variation of subaerial basalt permeabilities in SN6-SN8 (Figure 3c ) as in SN1-SN3 (Figure 3a) , and the boundary condition was the only difference; thus, the fluid dynamics described for SN1-SN3 is the same for SN6-SN8. The till permeability during these simulations was 10 À17 m 2 . Freshening of continental shelf pore fluids occurred during glacial maximums. This implies that infiltrating meltwater comes from above, through the glacial till. The best fit with observed data occurred when basalt permeabilities were moderate (K x ¼ 10 À14 m 2 ).
Subaerial Basalt: Infiltration and Discharge
[25] We plotted subglacial infiltration and SMGD (in volume of flow per unit length of coastline per year) for sensitivity runs SN1-SN3 (Figure 4) . Comparison between subglacial infiltration and SMGD shows that they are highly associated with one another and are of the same order of magnitude for each scenario. Generally, as the subaerial basalt horizontal permeability increases from 10 À14 to 10 À12 m 2 , subglacial infiltration and submarine groundwater discharge increases from $10 2 to $10 4 m 3 m À1 yr À1 during glacial maximums (Figure 4 ). Both the magnitude of SMGD and sub-ice sheet infiltration correlate with ice sheet thickness. The larger the ice sheet is, the greater the SMGD and sub-ice sheet infiltration are.
BFS Model Results Analysis
[26] Our sensitivity study indicates that the BFS is SN7 (Figure 3c ). This scenario has subaerial basalt permeability set at 10 À14 m 2 and 10 À15 m 2 in the x and z directions, respectively (Table 3) , and has a 93% seawater and 7% meltwater continental shelf ice boundary condition ( Figures  5a and 5f ). SN7 corresponds to maximum SMGD (during LGM, 22 ka) of 8. ) oceanward of the shelf-slope break during the LGM. Subaerial basalt velocity magnitude and direction changed during ice-free conditions, decreasing by 1-2 orders of magnitude and generally shifting upward and landward. Simulated present-day subaerial basalt velocities are of the same order of magnitude as during the ice-free conditions. For present-day conditions, v z underneath the ice sheet ranges from 10 À5 m yr À1 at the center of the ice sheet to . All models assume anisotropy of 10. Glacial periods occur when submarine groundwater discharge and subglacial infiltration peak.
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10 À3 m yr À1 at the edge of the ice sheet. During the LGM, downward v z directly underneath the ice sheet increased from 10 À5 m yr À1 at the center of the ice sheet to 10 À2 m yr À1 at the edge of the ice sheet. For both the LGM and present conditions, our model simulates lateral flow under the ice sheet ranging from 10 À5 m yr À1 at the center of the ice sheet to 10 À1 m yr À1 at the ice sheet edge.
[27] The SN7 simulation approached dynamic equilibrium with respect to salinity and d
18 O after about 9 glacial cycles (of the total 10.5 cycles). There is a salinity transition zone within continental shelf sediments, consistent with the pore water data from Leg 152. The salinity transition zone moves seaward during glacial maximums because of increased head gradients caused by ice sheet loading (Figure 5a ) and moves back during sea level highstands when seawater infiltrates. Flow is downward on the continental shelf during the LGM (Figure 5a ), implying that the ODP well freshening occurred in the past. The calculated pore fluids in the subaerial basalt are dominated by meltwater from the present-day coastline to about 150 km offshore and 5.5 km underneath the continental shelf surface (Figures 5e and 5f ). Recharge and discharge on the continental shelf and discharge off the shelf occurred during interglacial periods in ice-free areas (Figure 5d ). However, permafrost retarded infiltration rates on the continental shelf when ice sheet thickness was relatively low, such as during interglacials (Figure 5d ).
[28] Infiltration and discharge patterns in our model vary in space and time. They consistently have maximum rates in glacial periods (Figures 6 and 7) . The model suggests that during glacial periods, groundwater discharge decays logarithmically from the toe of the ice sheet toward the sea (not shown). The location of peak discharge at any time can be subaerial or submarine, depending on the proximity of the ice sheet to the sea (Figures 5a, 5b , and 5f).
[29] The greatest amount of SMGD occurred when the ice sheet is largest (glacial maximums) (Figures 6 and 7) . . Black arrows in Figures 5a, 5b , and 5f represent dominant streamlines, indicating the direction of flow at a given time. Each plot contains the ice sheet geometry and sea level used for the presented time period. Blue numbers represent the meltwater percent/seawater percent used as a boundary condition at the time described.
is 488 m 3 m À1 yr À1 (Figure 7c ), and simulated infiltration (subglacial) during the LGM was 903 m 3 m À1 yr À1 ( Figure  7a) . These values are more than 1.5-3 times the infiltration simulated for a period without any ice sheet (307 m 3 m À1 yr À1 ; Figure 7b ). During the LGM, virtually all subglacial infiltration becomes SMGD; water within the pore fluids (which is likely meltwater during the LGM) is discharged into the ocean and is displaced by meltwater. Simulated discharge during the LGM was almost completely SMGD (870 m 3 m À1 yr À1 ; Figure 7a ), while simulated subaerial discharge dominated discharge during the ice-free interglacial conditions (306 m 3 m À1 yr À1 ; Figure 7b ). On the basis of our model simulation present-day subaerial discharge (292 m 3 m À1 yr À1 ) is greater than present-day submarine discharge (85 m 3 m À1 yr
À1
), supporting the idea that subaerial discharge is the dominant mechanism of groundwater discharge of infiltrated meltwater (Figures 6 and 7c) . Comparison between the fluxes of the LGM conditions and the fluxes of the ice-free interglacial conditions clearly indicate that the presence of the ice sheet has a substantial impact on groundwater infiltration and discharge into ocean.
[31] For a glacial retreat the simulated ice sheet decreases in volume by 6 Â 10 8 m 3 m
. Over the glacial retreat period (25 kyr) the average subglacial infiltration is 2.5 Â 10 7 m 3 m
, SMGD is 2 Â 10 7 m 3 m
, and subaerial discharge is 1.4 Â 10 7 m 3 m À1 ; these factors represent 4.4%, 3.8%, and 2.4% of ice sheet melting during the glacial retreat, respectively.
Discussion
[32] The simulated groundwater flow patterns have important implications for locations of upward seepage of groundwater, sea level rise, and present and past continental biochemical processes. Computed upwelling of groundwater occurred dominantly just beyond the edge of the ice sheet and (according to our model) should be occurring at present in SE Greenland. This implies groundwater is exiting near the margin of the ice sheet through taliks or along meltwater streams where permafrost is present. These groundwater springs could have the chemical signature of water in equilibrium with the underlying geology, paleomeltwater, or meltwater sourced from ice closer to the ice sheet summit. McIntosh et al. [2002] noted that infiltration of glacial meltwaters within the Michigan basin promoted microbiological reactions in organic-rich shale deposits, leading to the generation of economically significant quantities of natural gas. Our model results suggest that freshwater inputs could be contributing to microbial processes on Greenland's continental shelf.
[33] During glacial maximums, computed submarine discharge is substantially greater than submarine infiltration (Figure 7a ). Submarine discharge is occurring up to 300 km off the continental shelf-slope break. Glacial meltwater coming from mountain glaciers along the Gulf of Alaska contained high bioavailable dissolved organic carbon (DOC) and older 14 C ages compared to stream water [Hood et al., 2009] . This suggests that during the LGM and older glacial maximums, substantial amounts of bioavailable DOC was discharging into the ocean up to about 300 km off the continental shelf. This occurrence could have past and future impacts on the biogeochemistry of coastal ecosystems [Hood et al., 2009] .
[34] One important component to future sea level rise is the melting of Greenland ice sheet; the near-complete melting of the Greenland ice sheet during the Eemian interglacial might have contributed 4-5.5 m of sea level rise [Cuffey and Marshall, 2000] . For a permeability range of 10 À14 -10 À13 m 2 , our model estimates that an average of $1%-4% of ice sheet meltwater during a glacial retreat is represented by SMGD in SE Greenland. The influence of modern SMGD is less significant than during the LGM because of the size and proximity of the ice sheet to the shore. Our model shows that for current conditions, subaerial groundwater discharge dominates along our cross section, though the discharge converges right along the shoreline (Figures 5f, 6, and 7) . However, our BFS predicts that SMGD is occurring today, at rates of 85 m 3 m À1 yr À1 along our cross section (Figure 7c) . A rough calculation indicates that this would represent $3 Â 10 10 m 3 yr À1 if applied to all of Greenland (multiply by circumference of 39,330 km), which is 11% of Greenland's estimated melt rate (27.8 Â 10 10 m 3 yr
À1
) from meltwater runoff between 1961 and 1990 [Hanna et al., 2005] . This value shows that submarine discharge of ice sheet meltwater is potentially an important, yet unquantified, mechanism transporting meltwater to the ocean and thus requires more study and attention. Of course, it is hard to quantify how much of the discharge is past and present ice sheet meltwater. Further, SMGD of ice sheet meltwater is likely greater to the north, where there are larger areas of surface-exposed permeable (Figures 5a and 5c ), 104 ka (Figure 5b ), 65 ka (Figure 5d) , and the present (Figures 5e and 5f ).
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subaerial basalt [Larsen et al., 1998 ]. This could also be a dominant mechanism of transporting nutrients to coastal waters in areas lacking river outflow.
[35] Our model shows that the emplacement and extent of fresh, isotopically light water into SE Greenland's continental shelf and adjacent ocean could be influenced by head gradients induced by thick ice sheets and the distribution of permeability of underlying rocks and sediments. Throughout the glacial cycle, cold surface conditions produced permafrost, particularly under the center of thick ice sheets, under the edges of the ice sheets, and at subaerially exposed geological surfaces (Figures 2b, 2c, 5c , and 5d). During glacial periods the ice sheet had an insulating effect, producing less permafrost than during the interglacials [Marshall and Clark, 2002; Tarasov and Peltier, 2007] (Figures 2b, 2c, 5c, and 5d) . During the LGM, the ice sheet reduced permafrost lateral extent by as much as 100 km compared to times with no ice sheet.
[36] The subaerial basalt unit was the main aquifer contributing to offshore freshwater (Figures 1c and 5d-5f ). The subaerial basalt is exposed to the land surface ; it is covered by ice during glacial maximums and is partially covered by seawater during interglacials. The subaerial basalt focuses ice sheet meltwater offshore and into continental shelf sediments. These subaerial basalts have greater aerial exposure to the north of our cross section [Larsen et al., 1998 ], and thus potentially higher meltwater infiltration rates into the groundwater may have occurred there.
[37] Modern basal melting rate in Greenland is conservatively estimated as 0.006 m yr À1 [Hooke and Fastook, 2007] . In contrast, the average modern subglacial infiltration rate across our cross section is 0.001 m yr
À1
. It is possible that because of the present size of the ice sheet in SE Greenland, only a portion of the basal meltwater infiltrates into the groundwater through low-permeability locations. Recent studies show surface meltwater draining to the base of the ice sheet via fractures or moulins [Joughin et al., 2008] . The surface meltwater could infiltrate into the groundwater along with basal meltwater in high-permeability locations. Our simulated infiltration rate is comparable to the values computed for the North American craton during the last glaciation, which ranged between 0 and 0.006 m yr À1 , though mostly it was around 0.002 m yr
. Lemieux et al. [2008] used prescribed fluxes dictated by changing ice sheet size and set the flux to zero in areas underneath the ice sheet that were not near the ice floatation level. The prescribed flux method requires assumptions about recharge, such as assuming all meltwater over a period infiltrates. Such an assumption could have a tendency to increase infiltration rates. However, greater infiltration rates calculated by Lemieux et al. [2008] were likely a result of less permafrost underneath the ice sheet and overall greater permeability. It is important to note that surface melting rates in western Greenland are highly spatially and temporally variable, ranging between 0 and 24 m yr À1 [van den Broeke et al., 2008] . A highly idealized model like ours does not include this kind of variability.
[38] As pointed out in section 4, the greatest factor affecting the calculated continental shelf d
18 O and Cl À concentrations of the pore fluids was the concentration boundary conditions on the continental shelf during glacial maximums. We fixed the sub-ice sheet concentration and (Figures 1a and  1b) . A number of prior studies report d
18 O values of basal ice and meltwater to be isotopically heavier than excepted [Knight, 1987; Ma et al., 2004; Siegel, 1991; Souchez et al., 1990] . Laurentide ice sheet glacial meltwater in the midcontinent of the United States has d
18 O up to À9%, presumably because of isotopically heavy Pleistocene ice and meltwater [Ma et al., 2004; Siegel, 1991] . Isotopic exchange with debris may also act to increase the d 18 O of melting ice water. However, these processes will not account for our need to alter the salinity boundary condition. Figure 1b clearly illustrates that the pore fluids found at Sites 914-916 are mixtures of seawater and meltwater. A variety of processes could account for the mixture, typically requiring interaction between the ice sheet and seawater. Ice forming on the edge of the ice sheet could incorporate seawater, producing ice with chemical signatures similar to sea ice. Sea ice in the Weddell Sea of Antarctica ranged between $3% and $À20% d
18 O and 2 and 0.030 mass fraction salinity because of a mixture of sea ice and meteoric ice [Lange et al., 1990] . Incorporation of seawater could be a result of direct contact between the ice and the seawater during glacial maximums. During winter months, when liquid water within the ice sheet freezes, seawater intrusion into the ice sheet edge is more probable because of stalled ice sheet melting. Waxing and waning of the ice sheet across the shelf with multiple advances and retreats would further cause mixing. Another likely scenario is that at times the ice sheet on the continental shelf was not grounded during glacial maximums.
[39] This modeling study would have benefited from additional pore water data from greater depths along Greenland's continental shelf. Data from greater depths would improve our understanding of the extent of the freshwater plume and the mechanisms for emplacement of isotopically light water. Planning is underway by a consortium of Canadian and Finnish researchers to drill through the Greenland ice sheet, which may provide further insight into subsurface hydrology [Makahnouk et al., 2009] .
Conclusion
[40] Continental-scale hydrogeologic simulation of SE Greenland indicates that complex interactions between the ice sheet, subsurface geology, and sea level existed during the Pleistocene. These interactions influenced the rate and distribution of infiltration and discharge. In general, the location of the ice sheet edge dictated the location of groundwater discharge. Typically, discharge concentrated just beyond the edge of the ice sheet. Our sensitivity study emphasizes the importance of the permeable subaerial basalt in acting as a conduit to focus water offshore and how the presence of the ice sheet played a significant role in SMGD. During the Last Glacial Maximum, SMGD likely occurred up to many hundreds of kilometers offshore, potentially having a significant effect on the marine ecosystems.
Our model further supports the concept of movement of ice meltwater through the subsurface to the ocean, and present occurrences should be given more attention. Ice sheetderived SMGD represents between about 1% and 4% of Greenland's total ice sheet melting.
Appendix A: Numerical Methods
A1. Groundwater Flow
[41] We solved for variable density groundwater flow using
where K is the hydraulic conductivity tensor, h is the hydraulic head, 0 is the water density at standard conditions (10 C, 0.0 mass fraction salinity, and 0.0 MPa), r is the relative density, r is the water viscosity, S s is the specific storage, f is the density of groundwater, t is time, is the thickness of the ice sheet, w is the density of water, and i is the density of ice. We represent ice sheet loading with the second term on the right-hand side of equation (A1), which has a loading efficiency of 1. Freshwater hydraulic head in equation (A1) is given by
where P is fluid pressure, g is gravitational acceleration, and z is elevation above reference datum [Hubbert, 1940] . Equation (A1) can account for anomalous pore pressures in lowpermeability confining units caused by ice sheet loading.
[42] We used the following equation for the variable density form of Darcy's law in our model [Garven and Freeze, 1984] :
[43] The relative density ( r ) and viscosity ( r ) used in equations (A1) and (A3) are given by
where 0 is the viscosity of water at standard conditions (10 C, 0.0 MPa, and 0.0 mass fraction salinity) and f is the viscosity of water.
[44] The principle components of the hydraulic conductivity tensor K are in the x and the z directions. Components K xx , K zz , K zx , and K xz are calculated using 
A2. Solute Transport
[45] We used the following equation to represent advective-dispersive solute transport [Freeze and Cherry, 1979] :
where D is the hydraulic dispersion-diffusion tensor, m is the groundwater velocity (m ¼ q=), is porosity, and C is species concentration. In this present application, we model the total dissolved solids concentration, reported as mass fraction (kilograms of salt per kilograms of solution). Equation (A7) neglects the effects of solute diffusion into lowpermeability blocks and rapid advective transport through fractures. Equation (A7) also neglects fluid-rock geochemical reactions at depth. Computed salinity units are in solute mass fraction but have been converted to mM chlorinity for Figure 2 . 
where x and z are components of seepage velocity in the x and z directions ( x ¼ q x = and z ¼ q z =), D d is the diffusion coefficient, and m j j is
A3. The 18 O Transport
[46] Fluid-rock isotope exchange reactions can generally be neglected when temperatures are less than 150 C [Bowman et al., 1994] . This was the case for our hydrologic models of Greenland; temperature at the base of our model never exceeded 90 C. We used 18 O transport equations identical to equations (A7)-(A9):
where R f is the fluid 
A4. Heat Transport
[47] Temperature can affect fluid density and permafrost distribution in our model. Our code solves a conductive and convective-dispersive heat transfer equation:
where is the thermal dispersion-conduction tensor, is porosity, T is temperature, c s and c f are the specific heat capacities of the solid and liquid phases, respectively, and s is the density of the solid phase. Permafrost can have an important effect on subsurface permeability [McKenzie et al., 2007] . When temperatures were below the pressure melting point, we lowered permeability by 2 orders of magnitude. We neglected latent heat of fusion associated with freezing/thawing in equation (A11). Bense and Person [2008] found that the latent heat of melting could delay permafrost thawing by a few thousand years. On the time scale of a glacial cycle (100 kyr) the effects of neglecting this should be small. The tensor has the form
where xx , zz , xz , and zx are the tensor components, T and L are the transverse and longitudinal thermal dispersivities, respectively, and q x and q z are the Darcy fluxes in the x and z directions. Here f and s are the thermal conductivities of the fluid and solid phases, respectively, which are assumed to be isotropic and scalar quantities ; q is the absolute value of the Darcy flux, which is given by
A5. Equations of State
[48] Thermodynamic equations of state are used to compute the density and viscosity of groundwater at elevated temperature, pressure, and salinity conditions. Our code uses the polynomial expressions of Kestin et al. [1981] :
where a(T), b(T), . . . , h(T), and B(T,C) are third-and fourthorder temperature-and concentration-dependent polynomials. These polynomial expressions are valid for temperatures between 10 C and 150 C and salinities between 0 and 6 M NaCl. Fluid density is more sensitive to temperature and salinity than fluid pressure. Below 10 C, we set viscosity and fluid density to standard state conditions (10 C).
Appendix B: Analytical Solutions-Basal Ice Sheet Temperature [49] We used the following analytical solution to calculate the temperature at the base of the ice sheet. In the W07549 DEFOOR ET AL.: ICE SHEET-DERIVED SUBMARINE GROUNDWATER DISCHARGE W07549 accumulation zone of the ice sheet we used the following convective-conductive transport equation [Hooke, 1998] : where z i is the elevation above the base of the ice sheet, T s is the surface temperature of the ice sheet, o is the basal temperature gradient, is the thickness of the ice sheet, is the ice thermal diffusivity, w is the vertical ice velocity at the ice surface, and b n is the net accumulation rate. Here w is set to equal b n . We assumed the vertical velocity at the base of the ice sheet was insignificant ($0 m yr
À1
). In the ablation zone the flowing variation of equation (B1) is used:
[50] We set T s to equal the air temperature. In instances where the calculated basal temperature was higher than the pressure melting temperature (T pmp ) we set basal temperature to T pmp (Figures 2b and 2c) ,
where T TP is the triple point temperature, c i is the depression of the melting point of water with increased pressure, i is the density of ice, g is gravity, and H is the thickness of the ice sheet.
[51] We approximated net snow accumulation rate (b n ) at the summit by assuming a linearly temperature-dependent accumulation rate, determined from data presented by Cuffey and Clow [1997] :
[52] Then we calculated b n across the ice sheet by having b n decrease linearly down the ice sheet, crossing zero midway down ; the transition point between the accumulation and ablation zones occurred at the point along the ice sheet in which the thickness of the ice sheet was half of the thickness of the ice sheet at the summit. Note that b n is negative in the ablation zone of the ice sheet, where the ice is sublimating and melting.
